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In intact membranes as well as after reconstitution
into phospholipid vesicles, pertussis toxin (PT)-me-
diated ADP-ribosylation of G proteins causes loss of
receptor-mediated regulation of effectors and/or G
protein-mediated regulation of receptor binding.
Studies were carried out to test which of several
discrete steps known to constitute the basal and
receptor-stimulated regulatory cycles of G, proteins
are affected by PT. Experiments with the G.-defi-
cient Gi-regulated adenylyl cyclase of cyc™ $49 cell
membranes indicated that PT blocks G, activation
by GTP without affecting GDP dissociation or GTP
binding to a major extent. This suggested that the
block lies in the transition of inactive GTP-G; to active
GTP-G, (G to G* transition). Experiments with puri-
fied G, in solution and after incorporation into phos-
pholipid vesicles showed that PT does not increase
or decrease the intrinsic GTPase activity of G. Ex-
periments in which G, was incorporated into phos-
pholipid vesicles with rhodopsin, a receptor that
interacts with G, to stimulate the rate of guanosine
5’-0-(3-thio)triphosphate binding and GTP hydroly-
sis, indicated that PT does not affect the basal
GTPase activity of G, but blocks its activation by the
photoreceptor. Taken together the results indicate
that PT-mediated ADP ribosylation has two separate
effects, one to block the interaction of receptor with
G and another to impede the GTP-induced activation
reaction from occurring, or that PT has only one
effect, that of blocking interaction with receptors. In
this latter case the present results add to a mounting
series of data that are consistent with the hypothesis
that unoccupied receptors are not inactive, but ex-
hibit a basal agonist-independent activity responsi-
ble for the various effects of GTP observed on G
protein-coupled effector functions in intact mem-
branes. (Molecular Endocrinology 3: 1115-1124,
1989)

INTRODUCTION

G proteins are heterotrimers of subunit composition
aBy, of which the «a-subunits migrate on sodium do-
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decy! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels with apparent mol wt (Mr) of 40-41K and
are ADP-ribosylated at a cysteine located four amino
acids from their carboxyl-termini by pertussis toxin (PT).
Molecular cloning has shown the existence of three
types of G; proteins, Gi-1, G-2, and G-3, characterized
by having the same complement of 8y dimers and
differing in their a-subunits (a1, -2, and «-3) (for
review, see Refs. 1-3). The functions of G; proteins are
not totally clear at this time. The i subscript derives its
origin from the fact that at the time the first PT-sensitive
G protein (then thought to be only one) was purified (4-
7), the only function known to be affected (blocked) by
PT was hormonal inhibition of adenylyl cyclase (8-11).
However, G; preparations turned out to be heteroge-
neous, being generally a mixture of two, e.g. G-1 and
G-2 in brain (12) and G-3 and G-2 in human erythro-
cytes (13) and white blood cells (14, 15), and possibly
all three G, proteins (16). Purified G; proteins or their
resolved guanosine 5’-0-(3-thio)triphosphate (GTPvyS)-
activated «-subunits inhibit very little if any adenylyl
cyclase activity in membranes (17, 18), and other func-
tions have been defined which are mediated by PT-
sensitive G proteins, including stimulation of K* chan-
nels (19-22), which can be elicited with any one of the
three G; proteins (23), and stimulation of some phos-
pholipases of the C (24) and A; (25) types.

Receptor signal transduction by a G protein is
thought to proceed through a complex regulatory cycle
in which receptors associate with the trimeric G-GDP
complex and promote the release of GDP, the binding
of GTP, and the conformational change in the G protein
that causes the receptor-G-GTP complex to undergo a
two-step dissociation reaction, of which the first step is
the separation of the 8y moiety and second step is the
release of the receptor to give the activated «-GTP
(«*GTP). Receptors are then ready to initiate the acti-
vation of another G protein, while the activated G
protein remains dissociated until o hydrolyzes GTP to
GDP, and the «-GDP complex reassociates with gy to
give the receptor substrate G-GDP (discussed in Ref.
3). Just as the G protein undergoes changes during this
cycle, so does the receptor, which adopts two confor-
mations: one has high agonist affinity (R,) and is in-
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duced by its interaction with the G protein, the other
has low affinity for the agonist (R.) and represents free
receptor not associated with G protein (26-31). In the
absence of receptor stimulation by an agonist, this cycle
proceeds much more slowly because of reduced rates
of GDP release (32, 33) and a reduced rate of transition
from G-GTP to G*-GTP (34-36). Figure 1 depicts these
regulatory cycles as applied to a PT-sensitive G, protein.

Although the identity of the amino acid ADP-ribosy-
lated by PT is known (37) and the effect of the modifi-
cation is well recognized as one of impeding the recep-
tor-mediated activation of the ADP-ribosylated G pro-
tein, be it inhibition of adenylyl cyclase (10, 38) or
stimulation of K* channels (19-22) or phospholipases
(24, 25), there is little information about which of the
steps of the receptor-mediated and GTPase-driven reg-
ulatory cycle of G, proteins is affected by the toxin and
which is not. Steps that have been shown to be affected
include, in addition to the above-mentioned loss of
receptor-mediated GTP-dependent regulation of effec-
tors, the loss of ability of the G; protein to confer high
affinity agonist binding to receptors in intact membranes
(39-42) as well as in phospholipid vesicles (30), and
lack of G, activation by GTP, as seen in cyc™ mem-
branes (11). These effects could be accounted for in
several ways. PT may affect basic parameters of nu-
cleotide-G; interaction, causing inhibition of GDP dis-
sociation (step 1 in Fig 1, A and B), inhibition of GTP
binding (step 2 in Fig. 1, A and B), stimulation of GTP
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Fig. 1. Representation of the Regulatory Cycles of a G; Protein
as They Are Thought to Occur in the Absence (A) and Presence
(B) of a Receptor

For discussion, see Ref. 32. &, Steps affected by PT (PTX).
Steps 1, 2, and 5 in A and 6 in B were ruled out by the present
studies.
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hydrolysis (step 5 in Fig. 1A and step 6 in Fig. 1B), and/
or blocking GTP from inducing the conformational G to
G* change (step 3 in Fig. 1A). In addition to (or instead
of) modifying the interaction of G; with nucleotides, the
ADP ribosylation could be a steric hindrance that
impedes receptor from interacting with the G; protein
(step 8 in Fig. 1B).

The present studies were undertaken to gain further
insight into steps of the above regulatory cycles that
might be affected by PT, as seen in studies with intact
membranes probing the G-mediated inhibition of ad-
enylyl cyclase in S49 cyc™ membranes which lack G
and in which the inhibition is due to the «-GTP complex,
and in studies in which the regulation of endogenous
GTPase of a purified human erythrocyte G; preparation
(70% Gi-3 and 30% Gi-2) by photoactivated rhodopsin
incorporated into phospholipid vesicles was evaluated.
The first set of studies tested whether PT treatment
interferes with the binding of GTP by reducing its affinity
and/or with dissociation of GDP from the G; protein.
The second set of studies tested whether PT affects
the intrinsic GTPase of the G; protein as seen both in
solution and after incorporation into phospholipid vesi-
cles. These studies showed that in each of the two
cycles PT affects only one step: step 3 (G to G*) in the
absence of agonist and step 8 (association of R with
G to give R,G in the presence of agonist). The studies
ruled out any significant effects on the other steps: GDP
release, GTP binding, and GTPase activity.

RESULTS
Effect of PT on Cyc™ Membrane G;

In agreement with the results reported previously (43),
cyc™ S49 cells contain one or more PT-sensitive sub-
strates which can be quantitatively ADP-ribosylated by
treatment of cells overnight with 100 ng/ml of the toxin.
Throughout these studies, membranes were prepared
from both control and PT-treated cells on six occasions,
five of which led to satisfactory modification of endog-
enous substrates, as assessed by the disappearance
of G protein a-subunits that could be ADP-ribosylated
in the isolated membranes with [*P]nicotinamide ade-
nine dinucleotide (NAD") and fresh PT (Fig. 2). In agree-
ment also with results reported by us, GTP and guanyi-
5’yl-imidodiphosphate [GMP-P(NH)P] inhibit cyc™ ad-
enylyl cyclase activity (43, 44), and treatment of cyc™
S49 cells with PT blocked activation of G; by GTP but
not by GMP-P(NH)P (11). As shown in Fig. 4 for one of
the sites of membrane preparations and confirmed with
the four others, GMP-P(NH)P inhibited cyc™ adenylyl
cyclase activity in treated and control membranes to
the same extent. However, it was less potent (ICs,,
~20 nm) in PT-treated cells than in control cells (ICs,
~5 nm). Although the lack of an effect of GTP in
membranes from PT-treated cells could have been due
to a lack of GTP binding to G;, this was not the case,
as can be seen in Fig. 4. In this figure GTP is shown to



Effect of PT on G; Proteins

Source of Membranes

PTX-

Control treated
cyc—Cells cyc—Cells

20pg membrane protein/lane

Fig. 2. ADP-Ribosylation of Five Batches of Membranes from
Each Control and PT-Treated Cyc™ S49 Cells with [*2PJNAD*
and 10 ug/ml Activated PT

For details, see Materials and Methods.
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Fig. 3. Inhibitory Effect of Guanine Nucleotides on Control and
PT-Treated Cyc™ S49 Cell Adenylyl Cyclase Activity

Membranes from control and PT-treated cyc™ cells were
incubated for 40 min, as detailed in Materials and Methods, in
the presence of the indicated guanine nucleotide concentra-
tions, and the cAMP formed was measured. Note that non-
hydrolyzable GTP analogs cause more inhibition than the
hydrolyzable GTP in membranes from controt cells, while in
those from PT-treated cells only the nonhydrolyzable analog
GMP-P(NH)P inhibits adenylyl cyclase activity. Values on the
figure represent IC;, values.
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inhibit the GMP-P(NH)P-dependent inhibition of adenyly!
cyclase activity in both PT-treated and control cyc™
membranes. As was the case for adenylyl cyclase
inhibition by GMP-P(NH)P, both the ICs, as well as the
apparent K; for the action of GTP to block the GMP-
P(NH)P effect were about 3-fold higher in PT-treated
than control membranes.

Since these results suggest that GTP binding of G,
and GTP hydrolysis are not inhibited by PT treatment
of cyc™ cells, we theorized that PT could alter the
kinetics of the G, regulatory cycle by inhibiting the GDP
dissociation from the G-GDP complex. The accumula-
tion of G-GDP complexes in PT-treated cyc™ mem-
branes was assessed as described below, and the
results obtained are presented in Fig. 5. Membranes
from PT-treated cyc™ cells were incubated in the pres-
ence of guanine nucleotides, and the rate of cAMP
formation measured. Figure 5A shows that incubation
of the membranes with 100 um GTP had no effect on
cAMP accumulation. However, incubation with 20 um
GMP-P(NH)P resulted in a decrease in CAMP produc-
tion, indicating that the nonhydrolyzable analog of GTP
activates G;, which, in turn, inhibits cyc™ membrane
adenylyl cyclase activity. Activation of G, can be de-
tected after 10-min incubation in the absence of guanine
nucleotides as measured by GMP-P(NH)P inhibition of
CAMP formation {Fig. 5B). Figure 5C shows inhibition
of cAMP formation by GMP-P(NH)P added after 10 min
of incubation of membranes with 10 um GTP and indi-
cates that preexposure of PT-treated G, to GTP does
not inhibit activation of G; by GMP-P(NH)P. These re-
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Fig. 4. GTP Can Biock GMP-P(NH)P Inhibition of Cyc™ Mem-
brane Adenylyl Cyclase Activity in Both Control and PT-
Treated Cells

Cyc™ S49 membranes from PT-treated and control celis
were incubated for 40 min in the presence of 40 nm GMP-
P(NH)P and the indicated concentrations of GTP, and the
CAMP formed was assayed as indicated in Materials and
Methods. Note that GTP blocks the inhibition by GMP-P(NH)P
in both control and PT-treated cyc™ membranes. The apparent
Ki values for the action of GTP were calculated according to
the method of Cheng and Prusoff (72).
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Membranes from Pertussis Toxin treated Cyc— S49 Cells
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Fig. 5. GTP Does not Inhibit in a Persistent Manner GMP-P(NH)P-Mediated Activation of PT-Treated G;

Membranes from PT-treated cyc™ S49 lymphoma cells were incubated for the indicated times, and the accumulation of CAMP
was measured as described in Materials and Methods. The times of addition of GTP, GMP-P(NH)P, and GDPSS are indicated. Note
that GTP is unable to cause the inhibition of cyc™ adenylyt cyclase activity, while GMP-P(NH)P does. Furthermore, addition of GMP-
P(NH)P to the incubation mixture after 10-min incubation results in inhibition of cAMP formation regardiess of the prior presence of

GTP.

sults indicate that the inefficiency of GTP to activate G
was not due to an arrest of the cycle in the G-GDP
form.

Studies with Purified G,

The results described above imply that PT does not
block the GTPase reaction of one of its substrates, Gi.
Since purified G, proteins, in this case a mixture of 70%
G-3 and 30% G-2 (Fig. 5 of Ref. 45), are also PT
substrates (5) and exhibit basal GTPase activity in the
absence of a functional receptor (46), we sought to
confirm this conclusion by studying the effect of PT on
the GTPase activity of purified G; and on the dissociation
of GDP from this protein mixture.

The efficacy of PT-mediated ADP-ribosylation of pu-
rified G; was assessed by reincubating pretreated G;
with PT in the presence of [**P]NAD"* in order to detect
any further incorporation of [**P]ADP-ribose into pro-
tein. As shown in Fig. 6, ADP-ribosylated G; incorpo-
rated less than 10% of the radiolabeled substrate in-
corporated by untreated G, indicating that under these
conditions more than 90% of the protein was ADP-
ribosylated. As illustrated in Fig. 6, the rates of inorganic
32p (32p) formation from GTP of untreated and ADP-
ribosylated G; were not significantly different, indicating
that GTP hydrolysis by Gi is unaffected by PT treatment.
Substitution of GDP for GTP in the ADP-ribosylation
reaction, which does not alter the efficacy of the modi-
fication (47), did not change the results (data not

shown). These results indicate that the GTPase activity
of G is not inhibited by preincubation with GDP and,
therefore, suggest that PT does not prevent GDP dis-
sociation from the G-GDP complex.

Effect of PT on Gi-Receptor Interaction

We next studied the interaction of PT-treated ADP-
ribosylated G, with a receptor. Previous studies had
demonstrated that photoactivated rhodopsin can stim-
ulate the GTPase activity of the G; preparation used in
this study (48). Rhodopsin was purified from bovine
retina and used to study its interaction with ADP-
ribosylated Gi. Figure 7 shows that the interaction be-
tween G, and a receptor (rhodopsin in this case) can be
measured only when both proteins are integrated into
phospholipid bilayer, as previously reported for this and
other G proteins (29, 48, 49). GTPase activity of G, was
measured in the absence or presence of different rho-
dopsin concentrations, before incorporation, i.e. in de-
tergent solution (A), or after incorporation into phospho-
lipid vesicles (B). The GTPase activity of G, was stimu-
lated by rhodopsin in proportion to the amount of
photoreceptor used only when both proteins were co-
reconstituted into the vesicles. When rhodopsin was
incorporated into phospholipid vesicles with ADP-ribo-
sylated G, no stimulation of GTPase by the photore-
ceptor could be detected at any of three rhodopsin/G;
ratios tested (Fig. 8). The lack of effect of rhodopsin
was not due to altered incorporation of proteins into
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Fig. 6. Lack of effect of PT-mediated ADP-Ribosylation of G;
on Its GTPase Activity

One microgram of G; (10 pmol) was incubated for 45 min at
32 C with 2 mm NAD*, 0.1 mm ATP, 1 um GTP, 0.01% BSA,
1 mMm EDTA, and 12.5 mm Tris-HCI, pH 7.5, in the absence or
presence of 2 ug PT in a final volume of 50 ul. As a control,
PT was incubated under the same conditions without G
Aliquots (2 ul) of each group were then diluted 20 times and
subjected to a second ADP-ribosylation using [*?P]NAD", and
in parallel, 10 ul from each group were assayed for GTPase
activity. The GTPase assays were performed in the presence
of 100 nm GTP (carried over from the pre-ADP-ribosylation
treatment step) under the conditions detailed in Materials and
Methods. The second ADP-ribosylation was performed with
0.4 g PT, 3 x 10° cpm [**P]NAD", 10 um NAD" (carried over
from the first treatment step), 2.5 mm ATP, 1 um GTP, 1 mm
EDTA, and 12.5 mm Tris-HCI, pH 7.5, as described in Materials
and Methods. The reactions were stopped, and incorporation
of [**P]ADP-ribose into G, was determined by autoradiography.
The figure shows the results of the [*P]JADP-ribosylation
(photographs of the autoradiograms) and the GTPase activity
(means of triplicates) of each treatment group. Alb, Nonspe-
cifically labeled BSA (73); «;, migration of a-subunits of G-2
and -3; PTX S;, subunit of PT. Note that PT has no effect on
the endogenous GTPase activity of Gi.

the vesicles. Thus, under the conditions used, approx-
imately 70% of the initia} G; was incorporated into the
vesicles in the absence of rhodopsin, and coreconsti-
tution with rhodopsin did not influence its incorporation,
as measured by [**P]JADP-ribosylation of incorporated
G, (data not shown). Using G; ADP-ribosylated in the
presence of low specific activity [**P]NAD* to monitor
the fate of ADP-ribosylated G, incorporation remained
at 70 * 5% in both the absence and presence of
rhodopsin (not shown). The GTPase activities of vesi-
cles containing G, and ADP-ribosylated G, were very
similar, indicating that incorporation of G; into the vesi-
cles is independent of the PT-catalyzed ADP-ribosyla-
tion (see below).
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Fig. 7. Stimulation of GTPase Activity of G; by Rhodopsin
upon Coincorporation into Phospholipid Vesicles
A, G (0.5 pmol) was mixed with different amounts of rho-
dopsin to give the indicated molar protein ratios of 0 (—), 15,
30, and 60 under dim red light. The mixtures were incubated
under fluorescent light for 10 min at 32 C in a total volume of
100 pd containing 10 nm GTP, 100,000 cpm [y-**P]GTP, 3 mm
MgCl;, 1 mm EDTA, 0.1% BSA, and 10 mm Tris-HCI, pH 7.5,
and the *°P, liberated was assayed as described previously
(46). B, Under dim red light, 15 pmol G; alone (O) or G plus
increasing concentrations of rhodopsin (&) were incorporated
into phospholipid vesicles, and vesicles were isolated and
resuspended as described in Materials and Methods. Aliquots
(50 wl) of vesicles were then incubated under normal laboratory
fluorescent light for GTPase activity at 32 C for 10 min in a
total volume of 100 ul under the same conditions as those in
A, and *P, release was measured. Note that only when both
proteins are reconstituted into phospholipid vesicles does
rhodopsin stimulate the GTPase activity of G.. Bars represent

means of triplicates. Inset, Proportionality between Rhodopsin
(Rho) input and stimulation of GTPase.

— 60

DISCUSSION

The present studies, while not providing a final answer
as to why receptor-mediated activation of G; proteins is
blocked by PT, are, however, the first ones to reduce
several possibilities to a maximum of two. Thus, our
results show the following. 1) Neither the lack of effect
of receptors nor that of GTP alone is due to interference
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Fig. 8. Lack of Effect of Rhodopsin on PT-Treated G;

Phospholipid vesicles were prepared as described in Materials and Methods using 15 pmol G, (G) or ADP-ribosylated-G; (ADPr.G)
in the absence (0J) or presence (@ and M) of rhodopsin (Rho) to give the indicated molar ratios of zero (—), 30, or 60. Aliquots (50
ul) of each group of vesicles were incubated for GTPase activity in a volume of 100 ul for 10 min at 32 C in the presence of 10 nm
[v-*2P]GTP (100,000 cpm/assay), 3 mM MgCl,, 1 mm EDTA, 0.1% BSA, and 10 mm Tris-HCI, pH 7.5, and the *’P, liberated was
assayed (46). Results are the means of triplicates. Note that GTPase activity of vesicles that contained ADP-ribosylated G plus
rhodopsin is the same as that of vesicles that contained G; or ADP-ribosylated Gi alone. See Fig. 6 for definitions of abbreviations.

with GTP binding to ADP-ribosylated G, as would be
the case if PT markedly blocked binding of GTP. The
3- to 5-fold decrease in affinity for GMP-P(NH)P and
GTP observed in PT-treated membranes cannot explain
the selective lack of effectiveness of GTP, which was
not surmountable by high concentrations of GTP. This
ruled out an effect of PT on step 2 of the receptor-
independent cycie shown in Fig. 2A. 2) The lack of the
effect of GTP (either in the absence or presence of
agonist) on the activation state of the ADP-ribosylated
G is not due to an increase in the intrinsic GTPase
activity (i.e. the opposite from the effect of cholera
toxin-mediated ADP-ribosylation), as seen by direct
measurement of this parameter. This ruled out step 3
of both the receptor-independent and the receptor-
stimulated cycles of Fig. 1.

Studies from many laboratories have shown that
ADP-ribosylation of G proteins in intact membranes lead
to a block of their ability to induce the high affinity
binding conformer of receptors (38-42), and Kurose et
al. (30) showed that ADP-ribosylated brain G/G, cannot
impart high affinity binding to purified muscarinic recep-
tors incorporated into phospholipid vesicles. It has been
well established that GDP as well as GTP induce low
affinity binding in receptors (50-54). Thus, the PT effect
to block receptor action could have been the result of
persistent GDP binding or of interference in the ability
of the ADP-ribosylated G protein to interact with the
receptors. Since the present studies indicate that GDP
dissociation is not affected by PT, we conclude that
receptor-G protein interaction is a primary parameter

affected by ADP-ribosylation (step 4 of the receptor-
dependent cycle shown in Fig. 1, B).

The question as to the mechanism by which PT
interferes with the effect of GTP in the absence of
receptor stimulation is more complex, however. On the
one hand, taking the receptor-independent cycle shown
in Fig. 1A at face value, the data indicate that the PT
blocks step 4 of this cycle, which is the ability of GTP,
once bound, to promote the G to G* transition (#). On
the other hand, it is not clear whether receptor-inde-
pendent effects even exist. There is evidence to sug-
gest that to activate a G protein, GTP may be absolutely
dependent on the cooperative effect of a receptor and
that unliganded receptors have basal activity, in which
case the receptor-independent cycle shown in Fig. 1
would not exist, and PT action be explained by a simple
steric R-G interference.

Indications that receptor-independent activation of a
G protein by GTP may not exist come from two different
lines of research. One showed that GTP does not affect
the conformation of purified G;, while GTPyS does; the
other showed that receptors affect G proteins in the
absence of agonists. The existence of a G to G* step
as a discrete reaction independent of the subsequent
subunit dissociation reaction was shown in studies that
demonstrated Mg-dependent appearance of tight bind-
ing of [**S]GTP~S to the trimeric form of the same G,
preparation as that used in the present study (55). Tight
binding of GTPyS was defined as such because the
nucleotide remained associated to the protein upon
centrifugation through a sucrose density gradient. Tight
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binding was associated with a change in the hydrody-
namic properties of the protein, which changed its S
value from about 4 to 3, and a change in its detergent
binding, as observed on comparing the sedimentation
rates in sucrose density gradients made in H.O and
D.O (55). In contrast, GTP was unable to induce this
conformational change. That this lack of accumulation
of G*-GTP was not because of return G*-GTP to G-
GDP was demonstrated in experiments in which the
centrifugation analysis was carried out within 60 min
(vertical tube rotor) and the measured rate at which the
G: preparation hydrolyzed GTP under the conditions
used transition was only 0.01 cycles/min (46). Based
on this we concluded that with GTP the G to G*
transition does not occur. The existence of an agonist-
independent activity of receptors emerged from studies
in which the effect of incorporating purified 3-adrenergic
receptor (48) or a,-adrenergic receptor (49) into vesicles
with G, and/or G, were studied. In these studies we
found that the GTPase activity as well as the rate of
GTP~S binding of the incorporated G proteins were
lower in the absence than in the presence of receptor.
These receptor-enhanced interactions of G proteins
with GTP and GTP~S were then stimulated by agonist
addition, and the agonist-stimulated GTP hydrolysis or
GTP~S binding was reduced to the receptor-enhanced
level by specific adrenergic blockers, propranolol in the
case of g-adrenergic stimulation by isoproterenol (48),
and yohimbine and phentolamine, in the case of a,-
adrenergic stimulation by epinephrine (49). This, even
though it is impossible at this time to determine whether
the inability of GTP to activate a purified G protein in
solution also applies after the G protein is incorporated
into a phospholipid bilayer, it is tempting to suggest
that it does and that basal activities of G protein-
dependent phenomena are, in fact, not receptor-inde-
pendent activities but agonist-independent effects of
the particular receptors that reside in the membrane
under study. In this case, and as mentioned above, the
regulatory cycle depicted in Fig. 1A would not exist,
and the present studies would have narrowed down
the mechanism of PT action to a simple steric hindrance
that prevents receptor from interacting with G.. Presum-
ably, what was found here for a mixture of G-2 and G-
3 also applies to Gi-1 and G,, the prevalent PT sub-
strates in brain (12, 14).

MATERIALS AND METHODS
Materials

[«-**P]ATP and [y-*P]GTP were synthesized according to the
procedure of Walseth and Johnson (56), and [*P]NAD* was
synthesized by modifications of the methods of Cassel and
Pfeuffer (57); they were supplied by the Baylor College of
Medicine Diabetes and Endocrinology Research Center. The
n-octylglucoside and crude soybean phospholipid extract (12%
phosphatidyl choline) were obtained from Sigma Chemical Co.,
(St. Louis, MO) and 95% phosphatidyicholine from soybean
was from Avanti Polar Lipids, Inc (Birmingham, AL). Forskolin
was obtained from Calbiochem (La Jolla, CA); 3-[3-cholami-
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dopropyl)dimetylammonioc]-1-propanesulfonate (CHAPS), Lu-
brol, ATP, and BSA were from Sigma Chemical Co. GTP and
analogs, GMP-P(NH)P and GTP~S, were purchased from
Boehringer-Mannheim (Indianapolis, IN). Sephadex G-50 (su-
perfine) was obtained from Pharmacia (Piscataway, NJ). The
sources of other materials have been reported previously and
were of the highest quality available (7, 46, 55).

Cyc™ S49 Mouse Lymphoma Cells Membranes

Cyc~ cells were grown according to the procedures of Bourne
et al. (58). Membranes were prepared as described by Ross
et al. (59), except that the membrane preparation was stopped
after preparation of the 43,000 x g pellet, and Mg®*-free
buffers were used throughout.

Purification of G,

G; was purified from human erythrocyte membranes as de-
scribed previously (7, 60) and was approximately 90% pure.
Purified G; was stored at —70 C in 20 mM mercaptoethanol,
10% Lubrol-PX, 30% ethylene glycol, 1 mm EDTA, 100 mm
NaCl, and 10 mm HEPES-Na, pH 8.0. Analysis of the G
preparations of G; used in these studies using urea gradient/
SDS-PAGE followed by Coomassie blue staining and densi-
tometric scanning (61, 62) indicated that they contained ap-
proximately 70% G-3 and 30% G-2.

Purification of Rhodopsin

Rhodopsin was purified from outer segment membranes of
bovine retinal rods. Membranes were isolated by the proce-
dure described by Papermaster and Dryer (63) and subjected
to sequential washes to remove other membrane proteins, as
described by Yamanaka et al. (64). Rhodopsin was solubilized
in 20 mm CHAPS-containing buffer and purified by Concana-
valin-A affinity chromatography following the procedure of
Litman (65). All operations were carried out in the cold under
dim red light. Spectroscopic analysis before use in reconsti-
tution experiments gave 280/500 ratios between 2.5 and 3.0,
indicating that better than 60% of the purified protein was in
a form susceptible to activation by light.

Adenylyl Cyclase Activity

Unless otherwise indicated, incubations were carried out at 32
C for 10 min in a final volume of 50 uni containing 0.1 MM [a-
%P)ATP (10-15 cpm), 2 mm MgCl,, 100 um forskolin, 0.1%
BSA, a nucleoside triphosphate-regenerating system com-
posed of 20 mm creatine phosphate, U/mi), creatine phospho-
kinase, 0.02 mg/ml (25 U/ml) myokinase, 25 um Tris-HCI (pH
7.6), 5-20 ug cyc™ membrane protein, and the indicated
concentrations of GTP, GMP-P(NH)P, or GDPBS. The reac-
tions were stopped, and the [*PJcAMP formed was assayed
by a modification (66) of the method of Salomon et al. (67).

GTPase Assay

Incubations were carried out at 32 C for 10 min in a final
volume of 100 ul containing 0.5-2 pmol G; (50-200 ng protein)
or 50 ul G-containing vesicles (~100 ng protein, assuming
70% incorporation of G; into phospholipid vesicles), 100,000
cpm [v-**P]GTP, 3 mm MgCl,, 1 mm EDTA, 0.1% BSA, 10 mm
ethanolamine, 10-100 nm GTP, and 10 mm HEPES-Na, pH
8.0. The reactions were stopped, and the *P, released was
measured as described previously (46).

Activation of PT

PT (68) was dialyzed (11) and activated for 30 min at 32 C in
a final volume of 30 ul containing 50 mm dithiothreitol and
0.025% BSA at a concentration of 200 ug/mi.
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PT Treatment of Cyc™ Cells and Preparations of Control
and PT-Treated Membranes

Cells were treated or not with 0.1 ug/ml unactivated PT for 15
h, and membranes were prepared as described in Hildebrandt
et al. (11). Membranes from control and treated cells were
stored at —70 C until used (3-4 months) without loss of
inhibitory effects of GMP-P(NH)P. The effectiveness of the
treatment of intact cells with PT was evaluated by ADP-
ribosylation of the isolated membranes (10 ng protein) with
activated PT (see below). Labeling intensities obtained with
membranes from PT-treated cells (Fig. 2) were less than 5%
of those obtained with membranes from control cells.

ADP-Ribosylation of Membrane G;

Ten microliters of activated PT (6 ng) were incubated with 20
ul membranes (10 ng protein) from control or PT-treated S49
cells, 1 mm EDTA, 0.1% Lubrol PX, 20 mm Na-HEPES (pH
8.0), and 30 ul medium containing 20 M [®PINAD* (4-6 X
10° cpm), 0.2 mm ATP, 2 mm GTP, 2 mm EDTA, and 25 mm
Tris-HCI (pH 7.5) for 45 min at 32 C. The reaction was stopped
by the addition of 40 ul 375 mm NaCl containing 10 ug BSA,
followed by precipitation with 900 ul ice-cold acetone, centrif-
ugation, and extraction of precipitated [*P]NAD* with 10%
trichloroacetic acid (TCA). After removing TCA from the pre-
cipitates, protein pellets were dissolved in Laemmii’'s sample
buffer and subjected to 10% SDS-PAGE. The gels were
stained with Coomassie blue to insure equal sample recovery
as indicated by the BSA band, destained, and autoradi-
ographed. For further details see the reports of Ribeiro-Neto
et al. (69) and Scherer et al. (62). During these procedures,
some of the [*P]JNAD* becomes incorporated into BSA, pos-
sibly by photoactivation of the nucleotide, giving rise to a
nonspecifically labeled band at 67K.

ADP Ribosylation of Purified G,

Ten microliters of activated PT (6 ug) were incubated with 20
ul G; (8 pg protein) in a final volume of 60 ul containing, unless
otherwise indicated, 2 mm NAD™, 0.1 mm ATP, 1 um GTP, 1
mM EDTA, and 12.5 mm Tris-HCI, pH 7.5, for 45 min at 32 C.
As controls, PT was incubated under the same conditions
without G, and G, was incubated under the same conditions
with PT activation buffer without the toxin. To test for effec-
tiveness of the ADP-ribosylation of G, an aliquot of ADP-
ribosylated G, (2-10 ul) was diluted 20 times with 1 mm EDTA
and 10 mm Tris-HCI, pH 7.5, and subjected to a second ADP-
ribosylation in the presence of [**P]NAD*. The second incu-
bation was in a final volume of 100 ul containing 10 ul of the
diluted sample, 20 ul 20 pg/ml activated PT, 10 ul [**P]NAD*
(3-5 x 10° cpm; 200-400 Ci/mmol), 2.5 mm ATP, 1 um GTP,
1 mm EDTA, and 12.5 mm Tris-HCI, pH 7.5, for 45 min at 32
C. The reaction was stopped and processed as indicated
above for ADP-ribosylation for membranes, and incorporation
of [**P]ADP-ribose into G, was determined by autoradiography
after separation of G; by SDS-PAGE.

Preparation of Phospholipid Vesicles

A modification of the procedure described by Ross and collab-
orators (70, 71) was used. Phospholipids were dissolved in
chioroform-methanol (2:1) at a concentration of 17 mg/ml. One
hundred and fifty microliters of the crude soybean phosphati-
dylcholine extract and 50 ul phosphatidyl choline from Avanti
Polar Lipids were mixed in a 15-mi Corex tube and dried under
nitrogen. The phospholipids were then resuspended in 65 ul 1
M octyiglucoside, and 200 wl buffer A (100 mm NaCl, 2 mm
MgCl,, 1 mm EDTA, 20 mm g-mercaptoethanol, and 10 mm
Na-HEPES, pH 8.0), vortexed, and incubated for 10 min at 4
C until completely dissolved. All subsequent operations before
incubation for GTPase activity were carried out in a cold room
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under dim red light. The following were added to the phospho-
lipid/octylglucoside suspension: 300 ul of a mixture of 20 ul
10% BSA, 30 ul control G; or ADP-ribosylated G; (15 pmol),
30-120 ul rhodopsin when indicated, and 130-220 ul buffer A
(giving final concentrations of approximately 11.3 mm phos-
phatidyl choline, 115 mm octylglucoside, and 0.18% Lubrol-
PX). The reconstitution mixture was applied to a 33-ml Seph-
adex G-50 column (id, 0.9 ¢cm) and chromatographed with
buffer A at a flow rate of 0.2-0.3 mi/min. The void volume (2-
3 ml) was collected, and vesicles were concentrated and
separated from unincorporated protein by ultracentrifugation
in a Ti75 Beckman rotor for 2 h at 45,000 rpm (180,000 X g).
The pellets were resuspended with 500 ul buffer A and as-
sayed under normal fluorescent laboratory light.

The data presented here are representative results of ex-
periments that were repeated at least three times to insure
reproducibility.

Acknowledgments

Received January 4, 1989. Revision received April 5, 1989.
Accepted April 7, 1989.

Address requests for reprints to: Dr. Lutz Birnbaumer,
Department of Cell Biology, Baylor College of Medicine, One
Baylor Plaza, Houston, Texas 77030.

This work was supported in part by NIH Research Grant
DK-19318.

* Present address: Department of Molecular Biology, Bur-
roughs Wellcome Research Laboratories, 3030 Cornwallis
Road, Research Triangle Park, NC 27709

REFERENCES

1. lyengar R, Birnbaumer L 1987 Signal transduction by G
proteins. IS| Atlas of Science. Pharmacology 1:213-221

2. Lochrie MA, Simon Ml 1988 G Protein Multiplicity in
Eukaryotic Signal Transduction Systems. Biochemistry
17:4957-4965

3. Birnbaumer L, Codina J, Yatani A, Mattera R, Graf R,
Olate J, Themmen APN, Liao C-F, Sanford J, Okabe K,
Imoto Y, Zhou Z, Abramowitz J, Suki WS, Hamm HE,
lyengar R, Birnbaumer M, Brown AM 1989 Molecular
basis of regulation of ionic channels by G proteins. Recent
Prog Horm Res, 45:121-206

4, Bokoch GM, Katada T, Northup JK, Hewlett EL, Gilman
AG 1983 Identification of the predominant substrate for
ADP-ribosylation by islet activating protein. J Biol Chem
258:2071-2075

5. ‘Codina J, Hildebrandt JD, lyengar R, Birnbaumer L, Sek-
ura RD, Manclark CR 1983 Pertussis toxin substrate, the
putative N; of adenylyl cyclases, is an alpha/beta hetero-
dimer regulated by guanine nucleotide and magnesium.
Proc Natl Acad Sci USA 80:4276-4280

6. Bokoch GM, Katada T, Northup JK, Ui M, Giman AG
1984 Purification and properties of the inhibitory guanine
nucleotide binding regulatory component of adenylate
cyclase. J Biol Chem 259:3560-3567

7. Codina J, Hildebrandt JD, Sekura RD, Birnbaumer M,
Bryan J, Manclark CR, lyengar R, Birnbaumer L 1984 N,
and N, the stimulatory and inhibitory regulatory compo-
nents of adenylyl cyclases. Purification of the human
erythrocyte proteins without the use of activating regula-
tory ligand. J Biol Chem 259:5871-5886

8. Katada T, Ui M 1981 Islet-activating protein; a modifier of
receptor-mediated regulation of rat islet adenylate cy-
clase. J Biol Chem 256:8310-8317

9. Katada T, Ui M 1982 Direct modification of the membrane
adenylate cyclase system by islet-activating protein due
to ADP-ribosylation of a membrane protein. Proc Natl
Acad Sci USA 79:3129-3133



Effect of PT on G; Proteins

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Katada T, Ui M 1982 ADP-ribosylation of the specific
membrane protein of C6 celis by islet-activating protein
associated with modification of adenylate cyclase activity.
J Biol Chem 257:7210-7216

Hildebrandt JD, Sekura RD, Codina J, lyengar R, Manclark
CR, Birnbaumer L 1983 Stimulation and inhibition of ad-
enylyl cyclases is mediated by distinct proteins. Nature
302:706-709

Mumby S, Pang I-H, Gilman AG, Sternweis PC 1988
Chromatographic resolution and immunologic identifica-
tion of the a4 and sy subunits of guanine nucleotide-
binding regulatory proteins from bovine brain. J Biol Chem
263:2020-2026

Birbaumer L, Codina J, Mattera R, Yatani A, Graf R,
Olate J, Sanford J, Brown AM 1988 Receptor-effector
coupling by G proteins. Purification of human erythrocyte
G-2 and G-3 and analysis of effector regulation using
recombinant « subunits synthesized in E. coli. Cold Spring
Harbor Symp Quant Biol, 53:229-239

Goldsmith P, Rossiter K, Carter A, Simonds W, Unson
CG, Vinitsky R, Spiegel AM 1988 lIdentification of the
GTP-binding proteins encoded by Gi; complementary
cDNA. J Biol Chem 263:6476-6479

Uhing RJ, Polackis PG, Snyderman R 1987 |solation of
GTP binding proteins from myeloid HL-60-60 cells. Iden-
tification of two pertussis toxin substrates. J Biol Chem
262:15575-15579

Kim S, Ang SL, Bloch DB, Block KD, Kawahara Y, Tolman
C, Lee R, Seidman JG, Neer EJ 1988 Identification of
cDNA encoding an additional « subunit of a human GTP-
binding protein: expression of three «; subtypes in human
tissues and cell lines. Proc Natl Acad Sci USA 85:4153-
4157

Roof DJ, Applebury ML, Sternweis PC 1985 Relationships
within the family of GTP-binding proteins isolated from
bovine central nervous system. J Biol Chem 260:16242-
16249

Katada T, Oinuma M, Kusakabe K, Ui M 1987 A new
GTP-binding protein in brain tissues serving as the specific
substrate of islet-activating protein, pertussis toxin. FEBS
Lett 213:353-358

Pfaffinger PJ, Martin JM, Hunter DD, Nathanson NM, Hille
B 1985 GTP-binding proteins couple cardiac muscarinic
receptors to a K channel. Nature 317:536-538
Logothetis DE, Kurachi Y, Galper J, Neer EJ, Clapham
DE 1987 The 8y subunits of GTP-binding proteins activate
the muscarinic K* channel in heart. Nature 325:321-326
Yatani A, Codina J, Sekura RD, Birnbaumer L, Brown AM
1987 Reconstitution of somatostatin and muscarinic re-
ceptor mediated stimulation of K* channels by isolated Gy
protein in clonal rat anterior pituitary cell membranes. Mol
Endocrinol 1:283-289

Brown AM, Birnbaumer L 1988 Direct G protein gating of
ion channels, Am J Physiol 23:H401-H410

Yatani A, Mattera R, Codina J, Graf R, Okabe K, Padrell
E, lyengar R, Brown AM, Birnbaumer L 1988 The G
protein-grated atrial K™ channel is stimulated by three
distinct G a-subunits. Nature 336:680-682

Kikuchi A, Kozawa O, Kaibuchi K, Katada T, Ui M, Takai
Y 1986 Direct evidence for involvement of a guanine
nucleotide-binding protein in chemotactic peptide-stimu-
lated formation of inositol bisphosphate and trisphosphate
in differentiated human leukemic (HL-60) cells. Reconsti-
tution with G; or G, of the plasma membranes ADP-
ribosylated by pertussis toxin. J Biol Chem 261:11558-
11562

Burch RM, Luini A, Axelrod J 1986 Phospholipase A, and
phospholipase C are activated by distinct GTP-binding
proteins in response to alpha,-adrenergic stimulation in
FRTL-5 celis. Proc Natl Acad Sci USA 83:7201-7205
Kent RS, DelLean A, Lefkowitz RJ 1980 A quantitative
analysis of beta-adrenergic receptor interactions: resolu-
tion of high and low affinity states of the receptor by

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42.

43.

1123

computer modeling of ligand binding data. Mol Pharmacol
17:14-23

Delean A, Stadel JM, Lefkowitz RJ 1980 A ternary com-
plex model explains the agonist-specific binding proper-
ties of the adenylate cyclase-coupled beta-adrenergic re-
ceptor. J Biol Chem 255:7108-7117

Florio VA, Sternweis PC 1985 Reconstitution of resolved
muscarinic cholinergic receptors with purified GTP-binding
proteins. J Biol Chem 260:3477-3483

Cerione RA, Codina J, Benovic JL, Lefkowitz RJ, Birn-
baumer L, Caron MG 1984 The mammalian beta,-adre-
nergic receptor: reconstitution of the pure receptor with
the pure stimulatory nucleotide binding protein (N;) of the
adenylate cyclase system. Biochemistry 23:4519-4525
Kurose H, Katada T, Haga T, Haga K, Ichiyama A, Ui M
1986 Functional interaction of purified muscarinic recep-
tors with purified inhibitory guanine nucleotide regulatory
proteins reconstituted in phospholipid vesicles. J Biol
Chem 261:6423-6428

Tota MR, Kahler KR, Schimerlik Ml 1987 Reconstitution
of the purified porcine atrial muscarinic acetylcholine re-
ceptor with purified porcine atrial inhibitory guanine nu-
cleotide binding protein. Biochemistry 26:8175-8182
Cassel D, Selinger Z 1978 Mechanism of adenylate cy-
clase activation through the beta-adrenergic receptor:
catecholamine-induces displacement of bound GDP by
GTP. Proc Natl Acad Sci USA 75:4155-4159

Murayama T, Ui M 1984 [*H]GDP release from rat and
hamster adipocyte membranes independently linked to
receptors involved in activation or inhibition of adenylate
cyclase. Differential susceptibility to two bacterial toxins.
J Biol Chem 259:761-769

Birnbaumer L, Swartz TL, Abramowitz J, Mintz PW, lyen-
gar R 1980 Transient and steady state kinetics of the
interaction of guanyl nucleotides with the adenylyl cyclase
system from rat liver plasma membranes. Interpretation
in terms of a simple two-state model. J Biol Chem
255:3542-3551

lyengar R, Abramowitz J, Bordelon-Riser ME, Birnbaumer
L 1980 Hormone receptor-mediated stimulation of aden-
ylyl cyclase systems: nucleotide effects and analysis in
terms of a two-state model for the basic receptor affected
enzyme. J Biol Chem 255:3558-3564

lyengar R, Birnbaumer L 1982 Hormone receptors mod-
ulate the regulatory component of adenylyl cyclases by
reducing its requirement for Mg ion and increasing its
extent of activation by guanine nucleotides. Proc Natl
Acad Sci USA 79:5179-5183

West Jr RE, Moss J, Vaughan M, Liu T, Liu T-Y 1985
Pertussis toxin-catalyzed ADP-ribosylation of transducin.
Cystein 347 is the ADP-ribose acceptor site. J Biol Chem
260:14428-14430

Kurose H, Ui M 1983 Functional uncoupling of muscarinic
receptors from adenylate cyclase in rat cardiac mem-
branes by the active component of islet-activating protein,
pertussis toxin. J Cyclic Nucleotide Protein Phosphoryla-
tion Res 9:305-318

Koch BD, Schonbrunn A 1984 The somatostatin receptor
is directly coupled to adenylate cyclase in GH,C, pituitary
cell membranes. Endocrinology 114:1784-1790

Hsia JA, Moss J, Hewlett EL, Vaughan M 1984 ADP-
ribosylation of adenylate cyclase by pertussis toxin. Ef-
fects on inhibitory agonist binding. J Biol Chem 259:1086—-
1090

Boyer JL, Garcia A, Posadas C, Garcia-Sainz JA 1984
Differential effects of pertussis toxin on the affinity state
for agonists of renal ay- and a.-adrenoceptors. J Biol
Chem 259:8076-8079

Lad PM, Olson CV, Smiley PA 1985 Association of the N-
formyl-Met-Leu-Phe receptor in human neutrophils with a
GTP-binding protein sensitive to pertussis toxin. Proc Natl
Acad Sci USA 82:869-873

Hildebrandt JD, Birnbaumer L 1983 Inhibitory regulation
of adenylyl cyclase in the absence of stimulatory regula-



MOL ENDO-1989
1124

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

tion. Requirements and kinetics of guanine nucleotide
induced inhibition of the cyc™ S49 adenylyl cyclase. J Biol
Chem 258:13141-13147

Hildebrandt JD, Hanoune J, Birnbaumer L 1982 Guanine
nucleotide inhibition of cyc™ S49 mouse lymphoma cell
membrane adenylyl cyclase. J Biol Chem 257:14723-
14725

Birnbaumer L, Codina J, Mattera R, Yatani A, Scherer
NM, Toro M-J, Brown AM 1987 Signal transduction by G
proteins. Kidney int [Suppl 23] 32:514-S37

Sunyer T, Codina J, Birnbaumer L 1984 GTPase proper-
ties of N, the inhibitory regulatory component of adenylyl
cyclase. J Biol Chem 259:15447-15451

Mattera R, Codina J, Sekura RD, Birnbaumer L 1986 The
Interaction of nucleotides with pertussis toxin. Direct evi-
dence for a nucleotide binding site on the toxin regulating
the rate of ADP-ribosylation of N;, the inhibitory regulatory
component of adenylyl cyclase. J Biol Chem 261:11174-
11179

Cerione RA, Staniszewski C, Benovic JL, Lefkowitz RJ,
Caron MC, Gierschick P, Somers R, Spiegel AL, Codina
J, Birnbaumer L 1985 Specificity of the functional inter-
actions of the beta-adrenergic receptor and rhodopsin
with guanine nucleotide regulatory proteins reconstituted
in phospholipid vesicles. J Biol Chem 260:1493-1500
Cerione RA, Regan JW, Nakata H, Codina J, Benovic JL,
Gierschick P, Somers RL, Spiegel AM, Birnbaumer L,
Lefkowitz RJ, Caron MG 1986 Functional reconstitution
of the alpha.-adrenergic receptor with guanine nucleotide
regulatory proteins in phospholipid vesicles. J Biol Chem
261:3901-3909

Rodbell M, Krans HMJ, Pohl SL, Birnbaumer L 1971 The
glucagon-sensitive adenylyl cyclase system in plasma
membranes of rat liver. IV. Binding of glucagon: effect of
guanyl nucleotides. J Biol Chem 246:1872-1876

Martin MW, Smith MM, Harden TK 1984 Modulation of
muscarinic cholinergic receptor affinity for antagonists in
rat heart. J Pharmacol Exp Ther 230:424-430

Evans T, Martin MW, Hughes AR, Harden TK 1985 Guan-
ine nucleotide-sensitive, high affinity binding of carbachol
to muscarinic cholinergic receptors of 1321N1 astrocy-
toma cells is sensitive to pertussis toxin. Mol Pharmacol
27:32-37

Mattera R, Pitts BJR, Entman MS, Birnbaumer L 1985
Guanine nucleotide regulation of a mammalian myocardial
receptor system. Evidence for homo- and heterotopic
cooperativity in ligand binding analyzed by computer as-
sisted curve fitting. J Biol Chem 260:7410-7421

Rojas FJ, lyengar R, Birnbaumer L 1985 Regulation of
glucagon receptor binding. Lack of effect of Mg and
preferential role for GDP. J Biol Chem 260:7829-7835
Codina J, Hildebrandt JD, Birnbaumer L, Sekura RD 1984
Effects of guanine nucleotides and Mg on human eryth-
rocyte N; and N, the regulatory components of adenylyl
cyclase. J Biol Chem 259:11408-11418

Walseth TF, Johnson RA 1979 The enzymatic preparation
of [alpha-**P]nucleoside triphosphate, cyclic [*?P]JAMP
and cyclic [*P]GMP. Biochim Biophys Acta 562:11-31
Cassel D, Pfeuffer T 1978 Mechanism of cholera toxin
action: covalent modification of the guanyl nucleotide-

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

Vol3 No.7

binding protein of the adenylate cyclase system. Proc Natl
Acad Sci USA 75:2669-2673

Bourne HR, Coffino P, Tomkins GM 1975 Selection of a
variant lymphoma cell deficient in adenylate cyclase. Sci-
ence 187:750-752

Ross EM, Maguire ME, Sturgill TW, Biltonen RL, Gilman
AG 1977 Relationship between the beta-adrenergic re-
ceptor and adenylate cyclase. Studies of ligand binding
and enzyme activity in purified membranes of S49 lym-
phoma cells. J Biol Chem 252:5761-5775

Codina J, Rosenthal W, Hildebrandt JD, Sekura RD, Birn-
baumer L 1984 Updated protocols and comments on the
purification without use of activating ligands of the cou-
pling proteins N, and N; of the hormone sensitive adenyly!
cyclase. J Receptor Res 4:422-442

Codina J, Olate J, Abramowitz J, Mattera R, Cook RG,
Birnbaumer L 1988 Alpha-3 cDNA encodes the alpha
subunit of G, the stimulatory G protein of receptor-
regulated K* channels. J Biol Chem 263:6746-6750
Scherer NM, Toro MJ, Entman ML, Birnbaumer L 1987 G
Protein distribution in canine cardiac sarcoplasmic reticu-
lum and sarcolemma. Comparison to rabbit skeletal mem-
branes and brain and erythrocyte G proteins. Arch
Biochem Biophys 259:431-440

Papermaster DS, Dryer WJ 1974 Rhodopsin content in
the outer membrane of bovine and frog retinal rods.
Biochemistry 13:2438-2444

Yamanaka GA, Eckstein F, Stryer L 1985 Stereochemistry
of the guanyl nucleotide binding site. Biochemistry
24:8094-8098

Litman BJ 1982 Purification of rhodopsin by conconavalin
A affinity chromatography of transducing probed by phos-
phorothioate analogues of GTP and GDP. Methods En-
zymol 81:150-153

Bockaert J, Hunzicker-Dunn M, Birnbaumer L 1976 Hor-
mone-stimulated desensitization of hormone-dependent
adenylyl cyclase. Dual action of luteinizing hormone on
pig Graafian follicle membranes. J Biol Chem 251:2653~
2663

Salomon Y, Londos C, Rodbell M 1974 A highly sensitive
adenylate cyclase assay. Anal Biochem 58:541-548
Sekura RD, Fish F, Manclark CR, Meade B and Zhang Y
1983 Pertussis toxin. Affinity purification of a new ADP-
ribosyltransferase. J Biol Chem 258:14647-14651
Ribeiro-Neto F, Mattera R, Grenet D, Sekura R, Birnbau-
mer L, Field JB 1978 ADP-ribosylation of G proteins by
pertussis and cholera toxin in cell membranes. Different
requirements for and effects of guanine nucleotides and
Mg?*. Mol Endocrinol 1:472-481

Pedersen SE, Ross EM 1982 Functional reconstitution of
B-adrenergic receptors and the stimulatory GTP-binding
protein of adenylate cyclase. Proc Natl Acad Sci USA
79:7228-7232

Brandt DR, Asano T, Pedersen SE, Ross EM 1983 Re-
constitution of catecholamine-stimulated guanosinetri-
phosphatase activity. Biochemistry 22:4357-4362
Cheng Y, Prusoff WH 1973 Relationship between the
inhibition constant (K)) and the concentration of inhibitor
which caused 50% inhibition (ICso) of an enzymatic reac-
tion. Biochem Pharmacol 22:3099-3108

Lim LK, Sekura RD, Kaslow HR 1985 Adenine nucleotides
directly stimulate pertussis toxin. J Biol Chem 260:2585-
2588





